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We report Co L3-edge resonant inelastic X-ray scattering on LaCoO3 at 20 K. We observe ex-
citations with sizable dispersion that we identify as intermediate-spin (IS) states. Theoretical cal-
culations that treat the IS states as mobile excitons propagating on the low-spin (LS) background
support the interpretation. The present result shows that mobility substantially reduces the energy
of IS excitations in part of the Brillouin zone, which makes them important players in the low-energy
physics of LaCoO3 together with immobile high-spin (HS) excitations.
I. INTRODUCTION
More than 50 years ago the electron-hole attraction
was proposed to drive narrow gap semiconductors or
semimetals to a new phase, the excitonic insulator. The
experimental proof of its existence in bulk materials re-
mains elusive. In strongly correlated insulators, the prox-
imity of the excitonic insulator phase is reflected by the
presence of dispersive electron-hole excitations with a
small gap above a singlet ground state [1]. Recently,
such an excitation spectrum was proposed to be real-
ized in perovskite oxide LaCoO3 [2]. The purpose of the
present study is to test the proposal experimentally using
Co L3-edge resonant inelastic X-ray scattering (RIXS).
At low temperature LaCoO3 is a non-magnetic insula-
tor with Co ions in the low-spin (LS, S = 0, t62ge
0
g) ground
state. Upon heating it undergoes a crossover to a param-
agnetic Curie-Weiss insulator (T ∼ 100 K) and, eventu-
ally, a Curie-Weiss metal (T ∼ 500 K) [3–9]. Tradition-
ally, the spin-state crossover has been described as a ther-
mal population of excited atomic multiplets. Despite its
long history, the opinion on the nature of the first excited
Co3+ multiplet remains split between the high-spin (HS,
S = 2, t42ge
2
g) [9–11] and intermediate-spin (IS, S = 1,
t52ge
1
g,) [12] states. Both scenarios are allegedly supported
by experiments, see, e.g., Refs. [9, 13, 14] and [15–19] for
the former and latter one, respectively. A coexistence of
Co ions in the excited (IS or HS) and ground (LS) states
in a lattice is expected to cause a sizable disproportiona-
tion of Co-O bond lengths. However, this has never been
observed despite the effort to do so.
The excitonic scenario is based on the observation that
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not only the spin but also the multiplet flavors (LS, IS,
and HS) undergo nearest-neighbor (nn) exchange via the
superexchange mechanism. Inter-atomic exchange pro-
cesses such as |LS, IS〉 ↔ |IS,LS〉, see Fig. 1a, |LS,HS〉 ↔
|IS, IS〉, or |IS,HS〉 ↔ |HS, IS〉 turn out to have sizable
amplitudes on nn bonds. At low temperatures, where
the state of the system is dominated by atomic LS states,
only the first process is relevant. It gives rise to propaga-
tion of IS excitations (excitons) on the LS background.
As usual in periodic systems, the elementary IS excita-
tions have the plane-wave form with the energy depen-
dent on the quasi-momentum q, see Fig. 1b.
The IS excitons come in two orbital symmetries (irre-
ducible representations): 3T1g (dxy⊗dx2−y2 , dzx⊗dz2−x2 ,
and dyz ⊗ dy2−z2) and 3T2g (dxy ⊗ dz2 , dzx ⊗ dy2 , and
dyz⊗dx2). Due to their geometry, the 3T1g excitons have
lower on-site energies (stronger bonding) and larger mo-
bility, concentrated to their respective planes. The HS
excitations behave differently. The nn HS-LS exchange
is a fourth-order process in electron hopping and thus has
a substantially smaller amplitude than the second-order
IS-LS exchange. The HS excitation can be approximately
treated as an immobile bound pair (bi-exciton) of two IS
excitons with different orbital flavors.
Existence of dispersive low-energy excitations has pro-
found consequences. Their thermal population does not
lead to a static distribution of excited atomic states and
thus does not induce lattice distortions. When the exci-
tation gap is closed, e.g., by application of strong mag-
netic field [20], the excitations with q -vector of the band
minimum form a condensate. Recent LDA+U calcula-
tions [21] find LaCoO3 to be close to the condensation in-
stability. The metamagnetic transition observed in high
fields [20] has the temperature dependence consistent
with exciton condensation, but not with HS-LS spin-state
order [2]. The properties of the low-temperature phase
of related (Pr1−yRy)xCa1−xCoO3 have been consistently
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explained by exciton condensation [22, 23]. Despite this
indirect evidence an unambiguous proof of the excitonic
physics in LaCoO3 has been missing. Ultimately, this
can be provided by direct observation of the IS disper-
sion. In this paper, we present its first observation using
Co L3 RIXS technique. Theoretical calculations includ-
ing the IS states as mobile excitons and immobile HS
states support the experimental observation.
II. METHOD
A. Experiment
RIXS has become a powerful tool to study low-
energy excitations in transition metal oxides in the last
decade [24]. The Co L3-edge RIXS (2p3/2 → 3d→ 2p3/2)
provides sufficient energy resolution to distinguish differ-
ent spin states [25]. The RIXS amplitude for the IS exci-
tations is sufficient to enable observation of their disper-
sion, although the X-ray wave-length at the Co L3 edge
in LaCoO3 (≈ 15.9 A˚) restricts the accessible momentum
transfer.
The LaCoO3 single crystal was grown by the optical
floating zone method [25]. The RIXS measurements were
performed at the BL05 A1 in Taiwan Light Source (TLS),
with linearly polarized X-rays, either vertical (V ) or hor-
izontal (H) to the scattering plane. The overall energy
resolution at the Co L3 edge (∼780 eV) was 90 meV [26].
The experimental setup is illustrated in Figs. 1(c) and
1(d). The sample normal was aligned to the c-axis in the
(pseudo) cubic axis with a lattice constant acub ≈ 3.83 A˚.
The measurements were carried out in the bc scattering
plane by rotating the sample along the a-axis. We define
the momentum transfer q = (0, qb, qc)/acub as the pro-
jection of the transferred momentum q onto the b and
c axes, and acub is omitted from now on, for simplicity.
The scattering angles ϕ of 148◦, 120◦, 90◦, and 40◦ cor-
respond to q= (0, qb, 0.26pi), (0, qb, 0.48pi), (0, qb, 0.68pi)
and (0, qb, 0.90pi), respectively. We set a small offset δ to
avoid a strong signal due to reflection, see Fig. 1(d). It
implies a small qb projection value (|qb| < 0.03pi), that is
negligible with the present energy resolution. The sample
temperature was 20 K, i.e., well below the spin-crossover
temperature. Details of the sample preparation and our
data analysis can be found in Supplementary Material
(SM) [27].
B. Theory
Theoretical calculation of RIXS spectra is a compli-
cated task. We adopt the formulation by Haverkort [28],
which factorizes the RIXS cross-section as
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FIG. 1. (a) A cartoon view of the nn hopping process with the
dominant contribution to the IS propagation, and the orbital
structure of the 3T1g excitation. (b) Sketch of the atomic-level
energies together with the dispersion of the IS (3T1g) state
on the LS background in the lattice. (c) The experimental
geometry and the definition of the scattering angle ϕ. The
sample can be rotated around the a axis. The half-spheres
represent Co atoms. (d) Determination of the momentum
transfer q = kout-kin. The component qb due to the offset δ is
negligibly small (|qb| < 0.03pi).
into X-ray absorption/emission amplitude Rγ(q, ωin) and
the electron-hole propagator Gγ′,γ(q, ωloss). While the
former determines the intensity (visibility) of different
multiplet excitations γ in the RIXS spectra, it is solely
the latter one that determines their dispersions. Here
ωin is the incident photon energy and ωloss is the en-
ergy transfer. Rγ(q, ωin) = 〈γ|Vout(ωin + ELS − H +
iΓ)−1Vin |LS〉, where the Vin(Vout) operators describe
the electron-photon interaction. A sufficiently accurate
estimate of the amplitudes Rγ(q, ωin) is provided by
atomic-model calculation for Co3+, which includes the
experimental geometry encoded in Vin(Vout) operators,
full-multiplet form of 3d-3d and 2p-3d Coulomb inter-
action, the 3d crystal field and the spin-orbit coupling
(SOC) in the Co 3d shell and the 2p shell. The SOC
within the 2p shell ζp and the Slater integrals for the 2p-
3d interaction F k, Gk are calculated within an atomic
Hartree-Fock code. Then the F k and Gk values for the
2p-3d interaction are scaled down by the empirical factor
75% to simulate the effect of intra-atomic configuration
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FIG. 2. Experimental spectra for different momentum trans-
fers (0, 0, qc). The elastic peak is subtracted and each spec-
trum is fitted by two Gaussian functions with 250 meV of
FWHM, with centers indicated by squares with the error bar.
The inset shows the spectrum at q=(0, 0, 0.90pi) in a wide en-
ergy range together with the term symbols (see discussion in
text).
interaction from higher basis configurations neglected in
the atomic calculation. We note that the amplitude
Rγ(q, ωin) for the LS ground state is rather insensitive
to the choice of the empirical factor.
The particle-hole propagator Gγ′,γ(q, ωloss), which de-
termines dispersion of the excitations, is the key theo-
retical quantity studied in this work. Its evaluation is,
in general, a difficult task that requires approximations.
The insulating ground state of LaCoO3 [29–31], which
can be viewed as a collection of LS atoms allows us to
eliminate the local charge fluctuations and to use a low-
energy effective model where only a few atomic multiplets
and their nearest-neighbor interactions are retained. The
description is further simplified at the low-temperatures
(T . 20 K) where thermal excitations can be neglected
and generalized spin-wave theory can be used, which de-
scribes the excitations as non-interacting bosons propa-
gating on the lattice.
Construction of the model starts with the density-
functional calculation for the idealized cubic perovskite
structure (a=3.8498 A˚) using Wien2k [32]. Then, an ef-
fective Hubbard model spanning the Co 3d-like band is
obtained with the wien2wannier [33] and wannier90 [34]
Intensity (arb.u.)
Intensity (arb.u.)
Intensity (arb.u.)
(a) IS (3T1g) 
(b) HS (5T2g) 
(c) IS (3T2g) 
ΓΓ
Γ Γ
Γ Γ
FIG. 3. The calculated densities of particle-hole excitations
resolved into contributions of different atomic multiplets: (a)
IS (3T1g), (b) HS (
5T2g) and (c) IS (
3T2g). The spectra were
artificially broadened with a Lorentzian of 10 meV width.
The interaction parameters U=2.1 eV and J = 0.66 eV, and
the SOC amplitude ζd=56 meV were used in the effective
Hubbard ’Co d-only’ model.
software. The intra-d-shell interaction is parametrized
with U and J , treated as adjustable parameters of our
theory. Next, second order Schrieffer–Wolff transforma-
tion [35] into the low-energy effective model, spanning
the LS, HS (5T2g), and IS (
3T1g and
3T2g) states, is
performed. We include spin-orbit coupling (SOC), but
neglect the rhombohedral distortion of the real LaCoO3
structure. This is still a complicated many-body model
which involves 34 states per Co site. A substantial simpli-
fication is achieved at low temperatures when the system
is in its ground state, which can be well approximated as
a product of LS states on every site. The remaining 33
states can be viewed as bosonic excitations, which can
propagate between sites with possible change of flavor.
Their dispersion can be obtained with the generalized
spin wave approach [36], which leads to effective Hamil-
tonian
Heff = H0 +Hint,
H0 =
∑
ij, γγ′
(hijγγ′d
†
iγdjγ′ + ∆
ij
γγ′d
†
iγd
†
jγ′ + H.c.). (1)
Here, we view the product of atomic LS-like ground
states [37] as the vacuum and the other 33 states of the
HS and IS states as different bosonic excitations γ charac-
terized by the corresponding creation (annihilation) oper-
ators d†iγ (diγ) on the lattice site i. The term with the am-
plitude h corresponds to the renormalized on-site energies
Γ Γ
(b) ρph(a) RIXS
Γ
Γ
(c)
FIG. 4. The calculated RIXS intensities (a,c) along the
high-symmetry directions in the pseudo-cubic BZ com-
pared with experimental data from Fig. 2. The additional
point q=(0.52pi, 0.52pi, 0.52pi) was measured with H polariza-
tion [27]. The IS (3T1g) excitations show the dispersion fea-
ture from 10 to 600 meV. The 3T2g IS excitations are located
at higher energies. The flat bands located below 100 meV
correspond to the spin-orbit split HS multiplet. (b) 3D plot
showing the calculated total density of the particle-hole ex-
citations ρph. Comparison to the RIXS spectra reveals the
suppression of the HS intensity by the transition matrix ele-
ments.
of bosons (for i = j), and their hopping amplitudes on
the LS background (for i 6= j). The term with the ampli-
tude ∆ describes the non-local pair-creation/annihilation
processes. The interaction term Hint including third and
fourth order terms in d (d†) can be neglected in low tem-
peratures of LaCoO3 since the density of these excita-
tions is negligible in the LS insulating ground state. Fi-
nally, we treat (1) numerical Bogoliubuv transformation.
Details of the model construction can be found in SM [27]
and Ref. 38.
III. RESULTS AND DISCUSSION
Fig. 2 shows experimental RIXS spectra along the path
from Γ(0, 0, 0) to X(0, 0, pi) recorded at 20 K, well below
the spin-crossover temperature. The spectra were nor-
malized to the fluorescence that was subsequently sub-
tracted, see SM for details [27]. The inset shows the
spectrum at q=(0, 0, 0.90pi) in a wide energy window. It
can be decomposed into five Gaussian contributions with
the full width at half maximum (FWHM) of 250 meV, ac-
counting for the instrumental resolution (∆E = 90 meV),
the spin-orbit spitting of the multiplets, and possible
vibrational effect [39]. The four peaks at around 0.4,
0.7, 1.2, and 1.6 eV, are attributed to the excitations
from LS (1A1g) ground state to IS (
3T1g), IS (
3T2g), LS
(1T1g), and HS (
5Eg) states, respectively [25]. We point
out that the lowest HS (5T2g) state, located below 100
meV [9], has a negligible RIXS intensity in the LS ground
state [25, 40] and thus is not visible at low temperature.
The IS 3T1g peak exhibits a clear q-dependent shift from
490 to 290 meV in the interval from q=(0, 0, 0.26pi) to
(0, 0, 0.90pi). The q-dependence of the IS 3T2g peak at
around 0.7 eV is much less pronounced.
The excitation spectra in Fig. 3 were obtained for
U=2.1 eV and J=0.66 eV. These values lead to the best
match with the present RIXS data at 20 K in addition
to fulfilling following experimental constraints: (1) the
ground state at 20 K is the insulating singlet state [29–
31] that does not exhibit any symmetry breaking; (2) the
energy of the lowest HS excitation falls into 10-20 meV
range according to inelastic neutron scattering stud-
ies [13, 14]. As shown in Appendix A, the calculated
spectra are quite sensitive to the variation of U and J ,
which has a complex effect of changing simultaneously
the positions of band centers and bandwidths of all ex-
citations. Therefore the existence of parameters match-
ing all experimental constraints is more than trivial fit-
ting. When comparing with interaction parameters used
in other studies one has to keep in mind that U and J
are strongly basis dependent. Therefore the present val-
ues can be compared to studies based on 3d-only mod-
els [41], but not to the values used in LDA+U or models
including the O 2p states explicitly.
Fig. 3 shows the contributions of different atomic mul-
tiplets to the calculated dispersion of elementary exci-
tations. The sizable dispersion of the IS 3T1g branch,
describing a propagation of a single IS 3T1g state on the
LS background, originates from processes such as the one
depicted in Fig. 1(a). The band minimum at the R point
is a simple consequence of the electron nn hopping ampli-
tudes teg and tt2g [see Fig. 1(a)] having the same sign [21],
a general feature of the perovskite structure. The en-
hanced low-energy IS 3T1g intensity around the R point
is partly due to weak nn pair creation/anihilation pro-
cesses |LS,LS〉 ↔ |IS, IS〉 [27, 38]. The SOC induces a
splitting in the IS 3T1g states, which is clearly seen along
the R-Γ direction, see Fig. 3a and Fig. 4c.
The HS excitations, within the present approximation,
have no hopping on the LS background. As a result, they
form almost flat bands with the centers at approximately
20, 45 and 90 meV, split and partially mixed with IS
by the SOC. These energies are consistent with other
studies [13, 14, 25].
Inclusion of the transition amplitudes Rγ(q, ωin)
strongly suppresses the contribution of the HS (5T2g)
states to the RIXS spectra, see Fig. 4(a) and 4(b). The
calculated RIXS intensities along high-symmetry lines
in the cubic Brillouin zone (BZ) together with the ex-
perimental 3T1g and
3T2g peak positions are shown in
Fig. 4(c). We find a very good match in the experi-
mentally accessible part of BZ along the Γ-X and Γ-R
directions.
The most interesting region around R point is out of
the experimental reach at Co L3-edge. Due to the dom-
inant nn character of the exciton hopping, the shape of
the dispersion is largely determined by the lattice struc-
ture. Knowing the dispersion over a substantial part of
the bandwidth thus puts the extrapolation on a solid
ground.
Without experimental data about the detailed exci-
tation spectrum around the R point we can speculate
about two possible scenarios: (i) the lowest excitation
is dominantly IS, implying that exciton condensation
would be possible upon closing of the excitation gap,
e.g., by a magnetic field as discussed [2] in some inter-
val of small IS concentrations; (ii) the lowest excitation is
dominantly HS, but the existence of mobile IS excitations
prevents a formation of the spin-state (HS-LS) order due
to |HS,LS〉 ↔ |IS, IS〉 fluctuations.
IV. CONCLUSIONS
Using Co L3-edge RIXS in LaCoO3 at 20 K we have
observed dispersion of the IS (3T1g) excitations with a
sizable bandwidth. The experimental data match well
the theoretical calculations in the experimentally acces-
sible part of the Brillouin zone and their extrapolation
points to an important role of IS excitations for the low-
energy physics of the material. Dispersion dominated
by the nearest-neighbor processes allows for reliable ex-
trapolation. Improved energy resolution and polarization
analysis would reduce reliance on theoretical model and
is therefore highly desirable.
The present results show that the question, whether
the first atomic excited state is HS or IS, is not correctly
posed. While there is little doubt that the lowest atomic
excitation is HS, the propensity of IS states to move
on the LS lattice changes the game in the extended
system. LaCoO3, therefore, should not be viewed as a
static collection of ions in particular atomic states, but
rather as a gas of mobile bosonic excitons (IS) above
(LS) vacuum. The HS states play the role of strongly
bound and essentially immobile bi-excitons. This picture
provides a natural explanation why the spin-state order
accompanied by Co-O bond-length disproportionation
is not observed in LaCoO3 despite the low-energy of
HS excitations. It further suggests LaCoO3 and its
analogs as potential materials for realization of excitonic
magnetism [42].
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Appendix A: Parameter dependence of particle-hole
excitations
Figure 5 shows the theoretically calculated spectra of
particle-hole excitations ρph in LaCoO3 for different U
(row) and J (column) values, together with the present
RIXS experimental data shown in the main part (see
Figs. 2 and 4). For the parameters in the upper-right
triangle (gray background) or at smaller U and J values,
the LS state is not a stable ground state, contradicting
the experimental observations at T . 20 K [7–9]. The
excitation energy of the lowest high-spin state (∼10–20
meV) is in agreement with other studies [13, 14, 25] only
along the diagonal panels in Fig. 5. For (U , J)=(2.1 eV,
0.66 eV), the best agreement with the RIXS experimen-
tal data is found. The inset shows the low-energy region
for the chosen regime.
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